Room temperature Ionic liquids (RTIL) received considerable attention as a new class of materials with fundamental importance for energy storage [1, 2] and active lubrication [3, 4, 5] . Their unique properties result from the competition of strong electrostatic interactions with properly designed molecular structure to avoid crystalization at room temperature. They are however unsual liquids, which challenge fundamentally the classical frameworks of electrolytes. In particular their behavior at electrified interfaces remains elusive with very rich and exotic responses relevant to their electrochemical activity [6, 7, 8, 9, 10, 11, 12, 13, 14] . In this work, we use quartz tuning fork based AFM nanorheological measurements to explore the properties of RTIL in nanometric confinement.
below a threshold thickness, pointing to a capillary freezing in confinement. This threshold thickness is found to be intimately related to the metallic nature of the confining materials, with more metallic surfaces facilitating capillary freezing. This behavior is interpreted theoretically in terms of the shift of the freezing transition, taking into account the influence of the electronic screening on RTIL wetting of the confining surfaces, as described by the simple ThomasFermi approach. Our findings provides fresh views on the properties of confined RTIL with important implications for their statics and dynamics inside nanoporous metallic structures. This also suggests applications to tune nanoscale lubrication with the phase-changing RTIL, by varying the nature as well as the patterning of the subtrate, and the application of active polarisation.
The confinement of liquids at nanoscales leads to a broad spectrum of new properties which are harnessed in a variety of applications, from energy storage, friction to catalysis [15] . The nanoscale realm hosts indeed a broad spectrum of molecular forces that compete to make new fluid behavior emerge [16, 17, 18] . Reversly, nanoscale confinement is a fine probe which allows to disentangle the molecular mechanisms at play. In this work, we explore the mechanical bevavior of Room Temperature Ionic Liquid (RTIL) in nanoscale confinement. Such system is a prototype for a dense electrolyte -composed here of pure ions -and accordingly, electrostatic interactions do control the behavior of these liquids. But at such densities, standard mean-field response, which constitute the toolbox of dilute electrolytes, cannot account for the structure of the electric double layer close to (charged) surfaces. Confinement therefore opens an interesting window on the physics of dense electrolytes and their interaction with the confining interfaces. In particular, due to the dominant role of electrostatic forces, one may anticipate that the metallic nature of the confining surfaces should affect the static and dynamic properties of confined RTIL.
Such relationship has not been explored up to now. An etched tungsten tip of end radius of curvature R between 50 nm and 2.5 µm is glued to the tuning fork, and immersed in the Ionic Liquid. The tuning fork is excited by a piezo dither at a frequency f 0 ≈ 32 kHz, and a lock-in and a phase-locked loop maintain constant both the oscillation amplitude h 0 and the phase shift between the tuning fork and the excitator. The distance D between the tip and the substrate is controlled through a piezo-element with sub-nanometric resolution in displacement. The substrate can be biased with respect to the tip of a potential difference ∆V . The experimental set-up is placed in a vacuum chamber at a pressure of ≈ 10 −6 mbar. (b) Nanorheological measurement on a silicon oil confined between a tungsten tip and a mica sample, showing the variation of conservative (Z' -black) and dissipative (Z" -red) mechanical impedance (see Eq. (1)); black dotted line is a fit based on Eq. (2). Inset shows typical resonance curves of the tuning fork with the tip immersed in the liquid and far from the surface (1), close to the surface (2) and in contact with the substrate (3).
Experimental Set-up -We present in Fig. 1a a sketch of the experimental set-up, see
Supplementary Material section 1 for more details. Briefly, we glue an electrochemically etched tungsten tip of end radius from 50 nm to 2.5 µm to a milimetric quartz tuning fork, which serves as our force sensor. The tuning fork is excited via a piezo-dither, and the oscillation amplitude and phase shift of the tuning fork with regards to the excitation voltage are monitored through the piezoelectric current flowing through the tuning fork electrodes. By mean of a piezo-element with sub-nanometric resolution in displacement, the probed liquid is confined between the oscillating tunsten tip and substrates of various nature. Importantly, the entire set-up is placed in a vacuum chamber at a pressure of approximately 10 −6 mbar.
This set-up allows us to measure the mechanical impedance
of the confined liquid, defined as the ratio of the complex amplitude of the dynamic force F * acting on the tip, to the amplitude h 0 of the tip oscillation. The inset of Fig. 1b shows a typical resonance curve of the tuning fork for a fixed excitation voltage of the piezoelectric element, with the tip immersed in a newtonian silicon oil (1) far from the surface, (2) close to the surface and (3) in contact with the substrate. As the interaction of the tip with its environment is modified, one observes a change in both the resonance frequency and the amplitude at resonance. The shift in resonance frequency δf is related to the conservative force response Z', whereas the broadening of the resonance (change of quality factor Q 0 → Q 1 ) is related to dissipation Z" [19] . During a typical experiment, two feedback loops allow us to work at the resonance and maintain constant the oscillation amplitude h 0 of the tuning fork. Monitoring the frequency shift δf and the excitation voltage V i thus provides a direct measurement of real (Z = Re(Z * )) and imaginary (Z = Im(Z * )) part of the mechanical impedance:
The experimental set-up has been fully benchmarked using a newtonian silicon oil, as shown in Fig. 1b .
where f 0 is the bare resonance frequency and K 0 [N/m] is the tuning force spring constant. The advantages of the tuning fork are twofold: first, an ultrahigh stiffness of K 0 ≈ 40 kN/m which prevents any mechanical instability during the approach and second, very low oscillation amplitude (0.1 -2 nm) together with very low intrinsic dissi-pation characterized by high quality factors of up to tens of thousands in vacuum and in the range of few thousands even when the tip is immersed in high viscosity liquid. These characteristics made the tuning fork AFM the ideal instrument to study, for example, tribology in individual nanostructures such as nanowires and nanotubes [19] .
The ionic liquid under investigation is BmimBF4 (Sigma Aldrich, 98.5% purity), which is further filtered through a 100 nm hole teflon membrane before use. A drop is deposited on the substrate and the AFM tungsten tip is immerged in the liquid. The liquid is left at rest in the vacuum chamber at least for 12h to remove water impurities. The substrate can be biased with respect to the tip by a potential difference ∆V . To verify the high purity of the ionic liquid, we systematically check the absence of long-term electrochemical current when applying a potential drop between -1.8 V and 1.8 V, which is smaller than the electrochemical window for this liquid [20] .
We have explored various substrates, namely Mica, HOPG, doped silicon, and platinum, whose characteristics are described in the Supplementary Materials section 2. Note also that platinum and doped silicon may be coated by natural oxide layers of up to 1 nm in thickness [21, 22] , but we anticipate from our results below that this value is much smaller than the typical length at which the phenomena under investigation occur, in the range of tens of nanometers. scribed by the Reynolds dissipative response of a viscous newtonian fluid sheared under an oscillating sphere [24] :
Confinement induced freezing -
where This results in a shift for the phase transition, as observed for capillary condensation (the shifted liquid-gas phase transition) or the capillary freezing (shifted crystalization) [27] . The balance of free energy leads to the so-called Gibbs-Thompson equation, which characterizes the critical confinement λ S at which the free energies of the liquid and solid phase become equal [27] :
where ∆T = T C −T B is the shift in transition temperature, in confinement T C as compared to the bulk transition occuring at T B . For the specific ionic liquid used here,
γ wl and γ ws are the surface energy of the liquid and solid phase with respect to the wall/substrate, ρ = 1.21 g/mL the density of the liquid phase and L h = 47 kJ/kg the latent heat of melting [28] (see supplementary Table S1 ). Eq. (3) shows that if wetting of the solid-phase on the substrate is favored compared to that of the liquid (γ ws < γ wl ) the freezing temperature of the confined phase T C is larger than the bulk freezing temperature 
This allows to calculate the energy of the crystal in contact with the metal wall. Indeed the energy of this semi-infinite crystal can be written in terms of the Green function and charge density ρ cr (r) = Q n (−1) n δ(r − R n ), with R n the lattice sites, as U = 1 2 drρ(r)ψ(r). To proceed analytically, we consider the simplified situation of a 1D crystal which is expected to capture the main ingredients at stake. The calculation of the energy is detailed in the Supplementary Materials, Section 5. The excess energy as compared to ideal metal limite (k TF → ∞) is found to take generically the form
with a the lattice constant; the full expression of the function F(k TF a) is given in Supplementary Eq. (11) . In line with the Laplace estimate of the surface tension [30] , we approximate the electrostatic contribution to the substrate-crystal surface tension as γ el ws
∆U .
Furthermore one expects that the electrostatic contribution to the liquid-substrate surface tension to be substantially smaller than ∆U . Indeed the averaged charge density in the liquid is vanishing except very close to the wall due to the very strong screening in the RTIL, so that the corresponding electrostatic energy is expected to be smaller than the substrate-crystal contribution. One can therefore neglect this contribution to the surface free energy as compared to the crystal surface tension and write the electrostatic contribution to the excess surface energy as ∆γ el = γ el wl − γ el ws
As detailed in the Supplementary Materials Sec. 5, this simplifying assumption allows to express the difference ∆γ = γ wl − γ ws in surface energies as: will lead to a shift in the critical confinement distance for the freezing transition according
with λ 0 S the value for the perfectly insulating material defined in terms of ∆γ 0 (here Mica).
In Discussion -This agreement supports the proposed picture of a shifted freezing transition, with wetting properties tuned by the electronic screening inside the confining substrates. There is room for improvement of the theory, with a more complete description of the effect of the electronic screening on the RTIL wetting. This theoretical framework, which has not been developped up to now, will be the object of future work.
Our results also have implications for the question of dynamics of charging in dense electrolytes confined between metal surfaces, which is relevant to supercapacitors dynam-ics. Despite the importance of these phenomena for further developement of supercapacitors, there is so far a lack of experimental studies at the nanoscale, while unexpected phenomena were predicted at these scale [31] . Our work underlines that nanoscale is a peculiar lengthscale for ionic liquid, and leads to strongly different behavior from what is observed at the macroscale. Our measurements unveil an overlooked phenomenon,
suggesting that further improvements of the performances can be sought at the scales dominated by the atomic nature of matter.
In the context of lubrication, our results also suggest to take benefit of the dramatic and abrupt RTIL phase-change to tune nanoscale friction via modifications of the substrate, from insulating to metallic, and possibly with dedicated patterning of the metal- 
